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A DETERMINATION OF THE TEMPERATURE FIELD

AND THE HEAT LOSSES IN THE INSULATION

BARRIER OF COMPRESSED-GAS TANKS

S. M. Rips

Tanks are widely employed for the storage and long-distance

transportation of large quantities of compressed gases (oxygen, nitro-

gen, ammonia, hydrocarbons, etc.). The crux and also the complexity

of the problem of their storage and transportation lie in the fact

that the existence of the liquid phase of the gases during transporta-

tion depends upon the possibility of maintaining a low (negative), and

at times an extremely low (deep) temperature, such as for oxygen

(-183*) and nitrogen (-1960). In the near future the problem of trans-

porting and storing liquid hydrogen (-2520) will acquire practical

importance. The advantage in the use of large capacities is due, on

the one hand, to the relatively low cold losses, and, on the other

hand, to the favorable variation of these losses with time. Both of

these depend upon the proper choice of the material, dimensions, and

design of the insulation barrier. In the present article, on the basis

of an investigation of the temperature field in various types of insu-

lation, the heat flows (cold losses) are determined both during the
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L cooling of the tank insulation (nonsteady state), as well as after the

I temperature field has been established, and illustrative examples are

given of the calculation for liquid oxygen, nitrogen, and hydrogen.

The proposed method of calculation can be successfully applied to

insulation barriers for any other compressed gases.

Insulation-cooling Stage. The amount of heat lost by an element

of tne insulation barrier (Fig. 1) is determined as the algebraic sum

of the incoming (Qs) and outgoing (Q2) heat':

Q, + Q2 )+ (R + / E\ ( 1)

where X - is the coefficient of thermal conductivity of the

insulation, kcal/m.hr. 0C;

Aqp - is the angle bounding the element to be calculated;

L - is the length of the calculation element, m;

AR - is the thickness of the element, m;

R - is the mean radius of the element, m;

t - is the temperature at a desired point in the element,

0C;

tin' tex - are the internal and external temperatures of the

element, 0C;

and AT - is a period of time (in sequence).

The loss of this amount of heat causes a decrease in the tempera-

ture of the element by an amount determined by the heat-balance equa-

tion

Q ,- -Q , • = t - i) 1,V = - C ,+ -( 2 )

IS. M. Rips. Khimicheskaya Promyshlennost', No. 4, 228, 1955.
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where AV- is the volume of the element under consideration, m3;

a - is the specific heat of the element material, kcal/kg.°C;

Ag - is the weight of the element, kg;

py - is the specific gravity of the element material, kg/m3 ;

tT+A-- is the temperature at the point of calculation after time

A¶, cC.

Equating the right sides of Eqs. (1) and (2) and tranposing

terms, we find the temperature at the center of the layer at time

T + AT

~+~L AR'] AR'S2)Ii +ARa 2R/. (3)

where a = X/c7 is the coefficient of thermal diffusivity, mR/hr.

The limit of applicability of Eq. (3) is the maximum time ATmax

at which the steady-state temperature of the layer ceases to depend

on the initial temperature of the layer t, i.e., when the coefficient

of t becomes equal to zero
aAT

-2. 0 (4)

Hence

AT AR(5)max aa

Therefore, when AT = ATmax, the equation for the calculation

assumes the following form

Substituting the value for ATmax into Eq.(3) , we obtain

, A, + )(6)

From Eq. (6) the steady-state temperature of a layer of insula-

tion can be determined according to the time lapse nAT.a., if the

FTD-TT-62-1459/1+2+4 -3-



I
temperatures of the neighboring layers are known.

Fig. 1. Diagram of insulation-barrier element.

The initial data for the use of Eq. (6) are, obviously, the ini-

tial temperature distribution and the prescribed boundary conditions,

for which the calculation of the temperature field should be carried

out successively for the time intervals A~ax

Knowing the temperature field, it is possible to calculate the

amount of heat entering from the outside, then given off or accumu-

lated by the insulation and transmitted through it to the inside of the

tank. The order of calculation is illustrated below with the aid

of numerical examples for different types of insulation.

Steady-state Stage. For the steady state the initial equation

for the temperature field in the tank will be the following:

In R__ a______ (7)
at lollR
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The amount of heat passing through the insulation of the cylin-

drical portion during the steady state will be determined by the

formula 2A.L

S-(8)

For the spherical ends of the tank we have

(9)

-
4 )h 1 0C ~(1o)

Examples

We shall give as an example the calculation of the temperature

field for an 11,200 liter tank which corresponds to 12.75 metric

tons of liquid oxygen, - 9.072 metric tons of liquid nitrogen, and

- 7 84 kg of liquid hydrogen. In the calculation we have taken (Fig. 2)

(Mm):

Inner diameter of brass vessel of tank, D = 2R ................ 2•,00

Outer diameter of brass vessel of tank (same as inner

diameter of insulation) DB = 2% - 2R, . . . . . . . . . . . . . . . . . . . . . .. 2,105

Wall thickness of brass vessel ............................... 2.5

Outer diameter of insulation (same as inner diameter of casing)

DH = 2RH - 2h2i .............................. 2,805

Insulation thickness 6= EAR ....... 0 .................. 350

Outer diameter of casing DK = 2R2 2 . . . . . . . . . ................. 2,820

Radius of spherical bottoms of tank R ....................... 1,050

Length of cylindrical portion of tank L ................. 2,100

Overall length of brass vessel L ................ ..... 4,205

Length of tank casing LK ........................... 5,605
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Fig.2. Diagram for calculation of temperature
field.

The number of insulation layers is taken equal to 10. The

accuracy of the solution is quite satisfactory with this number, as

indicated by previous calculations. In accordance with the require-

ments of the method of "finite differences", a half-space each was

left at the surfaces of the brass vessel and casing. The width of a

layer will then be
t 350

AR = 0 ="-= MA(

We shall consider the cylindrical and spherical portions of the

tank separately.

Temperature Field in the Insulation in the Cylindrical Portion of
the Tank

Insulation-cooling Stage. For the calculation of the temperature

field of the insulation during cooling we shall make use of the equation

which we have derived (6). By substituting into it the geometric

dimensions of each layer we obtain the values listed in Table 1.
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Table 1

Geometrical Characteristics of the Layers of Insulation

No oJ Alt AR 1 R 11 ARý AR
of ,o.p point 2R " 2- •- T j - - +"

111 4 1087 ,6 0,0160  ,9840  ,.0 ,u , 0 31 0  0 .66 01,0320
IV 6 1122.5 0,015680,9844 0,0180.203"120,=688 1,0312

8 1157,560,0151|0,9849 0,0151 ,0302 0,9698 1.0302

VI 10 1192.50,0146 0,9854 0,01460 ,029210,9708 1.0292
Vii 12 1227,580,0142 0,9858 1.0142 0,0284N0,9716,1,0284

Viii 14 1262,50,01380,9882 1,0138 0,02760,9724 1,0276
IX 16 1297,50,013560,98 51,01350,02700,97301,0270
X 18 1332:,5 ,0131 0,98 1,0131 ,0262.0,97381,0262
Xi 20 13 87, 5 1,o 872 1,0128 ,O 258o 0,9746 1,0254

Calculations using Eq. (6) have shown that for purposes of

simplification the following general equation with mean values for

the coefficients of tin and tex may be used for all the insulation

layers without any special error

t - 0,493ý+ 0,507, (ii)

The results of a calculation of the temperature field for hydro-

gen using this equation are given in Table 2 and Fig. 3. The results

of similar calculations for oxygen and nitrogen are given in Fig. 4.

Table 2

Temperature Field in the Cylindrical Portion of the

Insulation of a Hydrogen Tank

"tA 1 4 of I " lie I I 1 4 i ts I h4 a " too

0 -- 252,0 +20.0 +20,0 +20,0 +20,0 +20,0 +20.0 +20,0 +200 +20 0 +20,0

1 -252,0 -114,0 +20,0 +20.0 +20,0 +20,0 +20.0 +20.0 +200, +20:0 +20,0
2 -1252,0 -10 -46,0 +20,0 +20,0 +20.0 +20,0 +20,0 +20.0 +20,0 +20.0
3 -252,0 -147,0 -46,0 --13,0 +20,0 +20,0 +20,0 +20,0 +20,0 +20,0 +20,0
4 -252.0 -147,0 -79,o -13,0 +4,0 +20,0 +20.0 +20.0 +20.0 +20:0• +20,0
5 -252,0 -164,0 -79,0 -37,0 +4,0 +12,0 +20.0 +20,0 +20.0 +20,0 +20,0

10 -252,0 -1181,0 -124,0 -89.0 -38,0 -8,0 +4.0 +15.0 +18,0 +20.0 +20,0
20 -252,0 -200,0 -154,1 -- 110,0 -77,4 -45,8 -29,1 -13,.0 00 +13.0 +20,0
30 -252,0 -209,1 -170,1 -132,2 -100,9 -70,4 -48,4 -27,0 -- 0.3 +5,9 +20,0
40 -252,0 ,-213,4 -177,7 -143,1 -113,1 -83.8 -59.7 -36,4 -- 16,7 +2.4 +20,0
50 -252,0 -216,3 -182,8 -150,4 -121,0 -92,8 -- 8.2 -42,8 -21,0 +0,2 +20,0
60 -252,0 -218,1 -186,1 -155,0 -125,7 -98,9 -72.1 -47,0 -24,0 -1,4 +20,0
70 -252,0 -219,2 -187.9 -167,6 -128,9 -101,0 -74,9 -49,6 -268. -2,4 +20,0
80 -252,0 -219,7 -189,0 -- 19,2 -130,5 -- 102,7 -786,3 -50,8 -28.8 -2,8 +20,0
90 -252,0 -- 220,2 -189,5 -159,9 -131,5 -103,9 -- 77,4 -51,7 -27,0 -.3,1 20,0

100 -252,0 -220,7 -190,0 -160,9 -131,9 -104,9 -78,4 -52.2 -27.4 -.8,3 2•,0
110 -252,0 --221,2 -190,5 -161,9 -132,15 -1050,9 -79,4 -52,7 -27, -8.85 +20,0

•120 -252,0 -21,2 -_191,0 -162,8 -132,3 .- 107,0 -80,1 .-8.,1 -27,8 -3.36 +20.0
Stendy
,,tate -252,0 -221,5 -191,0 -162,8 -132,3 -108,6 -- 80,1 -83,1 -27,8 -3,36 +20.0
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point of a bdro

Fig. 3.Tetemperature field across the thickness

of' the insulation (cylindrical portion of ohygen-

line taon gnktnk

-- - 16)
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U the temperature of the inner and outer surfaces of the casing

walls (points 22 and 23, Fig. 2) were also assumed to be constant and

equal to +200;

it was assumed that the tank was completely filled with liquid

gas'

there were no thermal bridges in the tank (i.e., metallic

fa.stening elements joining the vessel with the casing).

An analysis of the curves and tables shows that further cooling

of the insulation practically stops after an elapsed time of (100 - 120)

ATmax for H2 ; (90-110) Atmax for 02 and (110-120) Atmax for N2 , and

aftek this the temperature field becomes steady.
From the formulas for the calculation it is apparent that the

temperature distribution in the tank insulation depends ohly on

the quantity ATmax, which is, in turn, directly related to the physical

characteristics and thickness of the insulation layer

AR AR'cy

Values of Armax for different types of insulation, when the

thickness of one layer of insulation is 35 mm, are listed in Table 3.

Table 3

Values of ATmax for Different Types of Insulation

•a-. 1 1 . 1 ,. a"104maeralx4- e l

Ma•pm•esia 240 0,2 0,030 0,625 0,98
!•nis.... 400 0,2 0,065 0.813 0,754
Miol . . 25 0.24 0,030 5 0,1226
Aerosol 100 0,2 0,012 0,61 1,004
Hi.ne3o 260 0,2 0,060 1,2 0,51
wool
Peazrite . . 90 0,2 0.029 1,61 0,381
(milled)

uosen•oxn - 80 0,2 -38.10-' ,-0,00237 258
Iglasl--tion*i

* Chem. EM., M 24 (1060).
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From an examination of the data in Table 3 it follows that mag-

nesia (y 240) and aerogel provide identical temperature fields within

about the same time. With mineral wool the cooling process is shortened

by almost half, while for mipor it is almost eight times shorter in

comparison with aerogel; in other words, if the steady-state tempera-

ture field for mineral wool is attained, for example, after 50 to 60

hrs, then for mipor this regime will ensue within 12.5 - 13 hrs

(Fig. 4)

Steady-state Stage. The results of a calculation of the tempera-

tures in the insul~tion layers during steady state, using Eq. (7), are

given in Table 4.

The agreement between the temperatures of the insulation layers

obtained in the calculation for the insulation-cooling stage (last

line in Table 2) with those obtained in the calculation for steady state

is convincing verification of the correctness of the calculation of

the temperature field.

Temperature Field for the Insulation in the Spherical

Portion (Ends) of the Tank

Insulation-cooling Stage. For the calculation of the temperature

field in the spherical ends we shall employ the following equation':

2(12)

In substituting the geometrical dimensions of each layer into

this equation (of. Table 1), we may with sufficient accuracy take the

mean value of the coefficients of tin and tex equal to 0.486 and

0.514 respectively; then

S- o,486tn+ o.514t (13)
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The results of calculating the temperature field for hydrogen with thisi
equation are given in Pigs. 5 and 6, and for oxygen and nitrogen in

Pig. 7. It is apparent from the figures that the steady state ensues

when frr - 80 - 100 periods for 0a andN2,andvmA¶mx = 90 - 110 periodsmaxma
for H2 .

-" -H + I.-- I-

V)

0~ C

4-'l )1...

0

E- 00C )

LOGO '•_ -W :$4 Russ

d) I I I I I-

., _ •_-_-___

o .. c. 0):
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"60 10 0 Jo 0 JO 60 70 , 0 SO 1O0 110
n,74r

Fig. 5. Temperature field of a hydrogen
tank (spherical portion).

o20 -- ' /

-iX - - -' - -- -' -

"Point "ilbot

Fig. 6. Temperature field across the thick-
ness of the insulation (spherical portion of
hydrogen tank).
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""t0 O 0 #0 so so 70 0 M /W0 /V

Fig. 7. Temperature field in the insulation
(spherical portion of oxygen and nitrogen
tanks; dotted lines - nitrogen tank; solid
lines - oxygen tank).

Steady-state Stage. The temperature field during steady state

can be determined from Eq. (9). After substituting into it the values

for tin' t ex, N and RH we obtain:
875

for oxygen t(-3,5-87 (1a)

for nitrogen I= 669,5--0. (1b)

for hydrogen I=83- 145 (14c)R

Substituting the values of R for the layers of insulation into

the expression obtained, we find the temperatures of each layer (Table

4), which are nearly equal to the temperatures at the end of the

insulation cooling.

Liquid Iosses riMng the Filling of the Cylinder

The greatest amount of heat, and during a short interval of

time at that, is fed into the liquid during the cooling of the brass

(or aluminum) vessel in the process of filling and associated cooling

-13-



of the fastening elements, which are in contact with the volume, and

of the inner half-layer of insulation.

If the weight of the fastening elements is taken to be 25% of

the weight of the vessel, then the weight of the metal cooled from

+ 200 to the temperature of the liquid tliq., will be Gm - 740 kg.

With a specific heat cm = 0.082 kcal/kg.°C for brass the amount

of heat fed into the liquid will equal

for oxygen ................ 12300 kcal

for nitrogen ................. 13150 kcal

for hydrogen ................. 18500 kcal

In this case the weight of vaporized liquid amounts to - 246 kg 02,

almost as much N2 , and 168 kg H2 *.

The amount of heat taken from the inner half-layer of insulation,

while it is being cooled from + 200 to tliq., will be

for oxygen Qo, =(4'.0,0175+t+2tLxO,017O)cy(20 + 183)- (16a)

for nitrogen Q9%J 8T4 (16b)

for hydrogen Q,, 1' O0Cf i.. (16c)

where Cins and Yins- are the specific heat and specific gravity of the

insulation;

r - is the mean radius of the half-layer, m;

and 0.0175 - is the thickness of the half-layer, m.

*The latent heats were taken ro, = 51 kcal/kg; rN, = 50 kcal/kg;

rH2 = 110 kcal/kg.
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The results obtained from the calculation of the temperature

fields permit us to ascertain the heat flows and, consequently, the

losses of liquid in the tank in time.

Insulation-cooling Stage. The amount of heat entering the liquid

due to cooling of the entire insulation (apart from the inner half-

layer) during a certain time nAvmax, starting with the beginning of

cooling, may be calculated from the decrease in the temperature of the

insulation, proceeding on the basis of the temperature field, from the

following equations:

for the cylindrical portion of the tank

Qq. 2ILL 1 4RR (20 t.. 4) + R.AR (20- 1,, 6) +

for the spherical portion of the tank
(?'h 4.jynJ2 AR (20 --,*, ,) d- R26R (20- t* 6) ÷..(18)

• .+ R2 • ,. ) .2Ga (18) o.

where Acyl and Asph are coefficients depending upon the dimensions

of the tank and the temperatures of the insulation layers at the

instant of time under consideration.

The temperatures are taken in accordance with the temperature

field of the tank (t) and sphere (t*).

For the tank as a whole we have

Q - VW po VwM" (19)

As the temperature of the outer insulation layers decreases,

there also occurs an influx of heat from without, beginning at some

moment of time mA-maxm this influx increases as the steady state is

approached.

Proceeding on the basis of the given temperature field pertaining

to the outer insulation layers for the cylindrical and spherical

-15-



I
portions of the tank, it is possible to calculate that after some

interval of time P has elapsed, the amount of heat passing through

time ATmax %ill be through the outer layer from without during the

Ap = 4 , R (f• - i..a, + (20)

+ 44~ s•=,•
and since

AR"y

we obtain finally, after substituting the dimensions of the cylinder,

AQ,-- AQ* A^, 0, 3 k(2O--,. 1 + (21)

+ o0.4Ye2O - t,)

If it is required to calculate the amount of heat entering from

the outside during the period of time between mATmax and nArmax, then

we must add up the amounts of heat for all periods of time in the

given interval

Q=- BU ;,., (22)

where q- R (23a)

na

The total amount of heat fed to the inner vessel may be found

as the sum of heat drawn off from the insulation and the heat flowing

in from without. For this purpose we may, using the temperature field

found earlier, calculate the amount of heat passing through the inner

layer of insulation during a time nATmax
1



I
Substituting the geometrical dimensions of the cylinder, we

obtain

Q~ [0.25 (11147 tpZ + 0.252 %Jn (24)

(24)

where cj + iP (25a)

0, 25 M., 1 (25b)

(25c)
'-0,252 ('r- X,

The computed values of the coefficients, A, B, and C in formulas

(17), (18), (19), (22), and (24) for liquid hydrogen and various

time intervals are given in Table 5. The slight deviation (about 2%
on the average) in the calculation of the value of Ctank Coyl + Csph

and Ctank= Atank + Btank. (of. last three columns in Table 5)

confirms the accuracy of the calculations which we have carried out.

These coefficients may be similarily calculated for any other

medium.

An analysis of the data in Table 5 shows that the maximum influx

of heat to the vessel is observed in the initial cooling stage. The

intensity of the heat flow decreases in the course of time, as the

steady state is approached, and becomes equal to the intensity of the

influx of heat from without.

On the basis of the data given in Table 5 and Eqs. (17-25), it

is possible to determine the absolute values of the compressed-gas

losses for different types of insulation and their distribution over

time. The total and hourly amounts of heat fed to the liquid during

the cooling process are presented graphically in Fig. 8 for different

types of insulation. The heat drawn off from the inner half-layer of

insulation and from the vessel is associated with the initial cooling

period.
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An:analysis of the graph shows that the greater the density and

specific heat of the insulation, the more the liquid expended in

cooling it and the longer the duration of this process. Thus for oxygen

with magnesia insulation (-y - 400 kg/0s) the cooling is only completed

in 83 hrs, while for mipor it is completed within 13.5 hrs.

Steady-state Stage. During steady state the heat flow passing

through any layer of insulation is constant. It may be calculated

in accordance with the temperature field of any layer or in

accordance with the boundary conditions of the entire tank as a whole.

The calculation for the cylindrical portion of the tank may be made

using Eq. (8).

Q ~ 2,31g RUU-l

Substituting appropriate radius and temperature values, we obtain:

for oxygen - 940k (26a)

for nitrogen 1000ok (26b)

for hydrogen Q4' . 12600% (26c)

where X is the coefficient of thermal conductivity of the insulation,

kcal/m. hr. 0C.

Using Eq. (10) for the spherical portion of the tank, we obtain

Q't5 AR

Substituting the values, we obtain

for oxygen Oj - 10700k (27a)

for nitrogen =1140D). (27b)

for hydrogen 140 (27c)

Thus we have for the tank as a whole

FTD-TT-62-14+59/1+2+4 -19-



for oxygen 940O% + 10'70" 2010Ao, (28a)

for nitrogen (28b)

4 21400k~for hydrogen 2 (280)

For a tank capacity of about 11,200 liters the losses of liquid

oxygen per hour for various types of insulation are: for mipor 0.09.%;

for aerogel, 0.0375%; for mineral wool, 0.188%. The losses of hydro-

gen will be euqal, respectively, to 0.94%, 0.38%, and 1.88% per hour,

i.e., an order of magnitude greater than in the case of oxygen.

Taking into account that during the period of intense losses

it is inexpedient to collect the vaporizing gas for subsequent use,

the filled tank should be kept at the factory where it was filled for

a certain length of time before being forwarded.

FTD-TT-62-1459/1+2+4 -20-



DISRnThU'ON LIST

DEPARTMNT C? DEPEISE N?. Copies WAOR AIR 000UD copieOspd

* APSO
BO1FTR
AEDO (ARY)

HEA~UARTERS USAF AD-1A

ApCIN;-3D2 TD-31b
ARL (ARB) SSD (S)

OTHE AGEN033B AFFaTC arY)

CIA1
NSA6

AID 2
OTS 2
AB 2

PWS

RAND1

WTD-TT- 62-1459/1+2+4 21.


